Introduction
The psychosis phenotype is present in the population as a continuum from relatively common transient psychotic experiences at one end, through subclinical symptoms to relatively rare clinical psychotic disorders at the other end (see review and meta-analysis 1 ). Within this putative continuum, there is a group of people who are not functionally impaired, yet report persistent auditory verbal hallucinations. 2, 3 The hallucinations they report are of psychotic intensity and are quite similar at the phenomenological level to those in patients with schizophrenia and related psychotic disorders. 4 However, subjects with these symptoms do not meet diagnostic criteria for a Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV) psychotic disorder because the hallucinations are not associated with distress and subjects do not show functional impairment. 3 It is thought that dopaminergic dysfunction underlies the development of psychosis. 5, 6 Supporting this, 15 molecular imaging studies suggest increased dopamine release and elevated dopamine synthesis capacity in patients with schizophrenia, including those in their first psychotic episode (see Abi-Dargham, 7 Howes et al, 8 and Meisenzahl et al 9 for reviews). While these abnormalities have not been found in studies of patients with nonpsychotic mania, depression and anxiety disorders (see Howes et al 5 for review), increased dopamine synthesis capacity has also been reported in people with psychosis due to temporal lobe epilepsy. 10 This suggests that elevated dopamine synthesis capacity may underlie the expression of psychosis more generally rather than being specific for schizophrenia. If this is the case, then one would expect elevated dopamine synthesis capacity to be present in individuals with persistent subclinical psychotic symptoms.
Kapur and colleagues have proposed an influential model that links dopaminergic dysfunction to the phenomenology of psychosis. 11, 12 They hypothesized that dopaminergic dysfunction leads to the aberrant assignment of salience to objects and associations. This leads to the attribution of salience to irrelevant stimuli. In an attempt to make sense of these confusing experiences, the individual makes unwarranted connections between the overvalued irrelevant stimuli, which results in the formation of a delusion. Psychosis, however, consists of several symptom domains: delusions, hallucinations, catatonia, and formal thought disorder. While the aberrant salience model provides a good explanation of how dopaminergic dysfunction could lead to delusions, it is less clear how it could explain the occurrence of hallucinations. The vast majority of patients with psychosis present with delusions and hallucinations (and some degree of formal thought disorder). 13 Since very few schizophrenia patients experience hallucinations in the complete absence of other psychotic symptoms, 13 the specific association between dopaminergic dysfunction and hallucinations has never been assessed. One strategy to investigate the specific relation between hallucinations and dopamine synthesis is the study of well individuals who experience this symptom in relative isolation.
If healthy subjects with hallucinations show a similar increase in dopamine synthesis capacity to psychotic patients, then hallucinations are likely to be related to, and possibly the result of, dopaminergic dysfunction. On the other hand, if dopamine synthesis capacity in the nonclinical hallucinating subjects is similar to that in the controls, then it may be concluded that hallucinations in isolation are not associated with altered dopamine synthesis capacity. We sought to test the hypothesis that increased dopamine synthesis capacity is associated with hallucinations in a sample of healthy subject reporting persistent auditory verbal hallucinations.
Methods
The study was approved by the local research ethics committees in London and Utrecht. Following complete description of the study, all subjects gave written informed consent to participate.
Subjects
Exclusion criteria for all subjects were (1) presence of any significant current physical disorder or treatment, (2) history of any disorder or treatment linked to psychiatric symptoms (such as systemic steroid treatment, endocrine disorders, antimalarial treatment), (3) contraindications to positron emission tomography (PET) scanning (pregnancy/breast-feeding/participation in other PET studies), and (4) history of current or past neurological disorder or head injury resulting in loss of consciousness. All subjects provided urine samples to screen for drugs of abuse and, in women, for pregnancy. Subjects were excluded if either test was positive prior to the scan. Smoking data were collected for both groups using a semi-structured interview (see Howes et al 14 ) .
Hallucinating Group
Subjects with auditory verbal hallucinations (hallucinating group) were recruited with the help of a website (''Explore your mind''-http://www.verkenuwgeest.nl). On this Web site, potential subjects were asked to complete a self-report questionnaire based on the Launay and Slade Hallucinations Scale designed to quantify the tendency to hallucinate in healthy individuals. People with high scores were invited to further assessment, including an interview administered by a trained psychiatrist to determine whether they met criteria for a psychiatric disorder using the Comprehensive Assessment of Symptoms and History (CASH) and the Structured Clinical Interview for Personality Disorders (SCIDP). 15, 16 Subjects who met the following inclusion criteria were invited to participate in the study: (1) persistent auditory verbal hallucinations experienced at least once a month for over 1 year, (2) no Axis I or II diagnosis of current or past psychiatric disorder or substance dependence other than past depressive or anxiety disorder in complete remission or nicotine dependence, (3) no alcohol or drug abuse for at least 3 months, and (4) no history of drug or alcohol abuse preceding the onset of the auditory verbal hallucinations. The subjects did not meet DSM-IV criteria for psychosis not otherwise specified despite having persistent auditory verbal hallucinations because the symptoms were not associated with occupational, social, or psychological dysfunction. They completed the following assessments administered by experienced psychiatrists trained in their use: Peter's Delusion Inventory (PDI), Schizotypal Personality Questionnaire (SPQ), and Psyrats Auditory Hallucinations Rating Scale (AHRS) modified as previously described 3 and the Global Assessment of Function scale. 3, [17] [18] [19] Sixteen subjects with persistent auditory hallucinations participated in the study ( 
Healthy Control Group
Healthy controls (control group) were recruited via advertisement and were matched to the hallucinating group on the basis of age (within 5 years). Prior to inclusion, they received a psychiatric interview using the CASH and SCIDP to determine if they met the following inclusion criteria: (1) no history of current or past hallucinations in any form or any other psychotic symptom; (2) no diagnosis of current or past psychiatric disorder, personality disorder, or substance dependence other than past depressive or anxiety disorder in complete remission or nicotine dependence; (3) no alcohol or drug abuse for at least three months; and (4) 
Positron Emission Tomography
All subjects received a PET scan using an ECAT HRþ 962 PET scanner (CTI/Seimens) in 3D mode, with an axial field of view of 15.5 cm. Head movement was monitored and minimized using a light head strap. A 10-minute transmission scan was performed prior to radiotracer injection using a 150-MBq cesium-137 rotating point source in order to correct for attenuation and scatter. All subjects were required to fast and abstain from smoking from midnight on the day of the scan and received 150 mg carbidopa and 400 mg entacapone orally 1 hour prior to scanning to reduce the formation of radiolabeled metabolites, of which [
18 F]-O-methylfluorodopa crosses the blood-brain barrier. 21 Subjects were positioned with the orbitomeatal line parallel to the transaxial plane of the tomograph. Head position was marked and monitored via laser crosshairs and a camera. The radiotracer was synthesized as previously described 20 by F bound to the target walls is isotopically exchanged. A sample from each synthesis was taken for quality assurance and analyzed using reverse phase high-pressure liquid chromatography. To proceed with injection, the radiochemical purity of the synthesis was required to be 95.0% or higher.
Approximately 180 MBq of 6-[
F]-DOPA) was administered by bolus intravenous injection 30 seconds after the start of the emission scan which lasted 95 minutes. The injected dose and specific activity (data missing for 2 subjects in the hallucinating group) were recorded.
Image Analysis
A frame-by-frame realignment and denoising method was employed to correct for head movement in the scanner. 21 Non-attenuation-corrected images were used for the realignment algorithm because they include a significant scalp signal in comparison to attenuation-corrected images. 22 Frames were realigned to a single, ''reference'' frame acquired 7 minutes postinjection using a mutual information algorithm, 23 and the transformation parameters were then applied to the corresponding attenuationcorrected dynamic images. These realigned frames were then summated, creating a movement-corrected dynamic image to be used in the analysis. Standardized regions in Montreal Neurologic Institute space were defined in the cerebellum (as it contains few, if any, dopaminergic terminals, it is used to provide data on nonspecific uptake 24 ) using a probabilistic atlas 25 and in the whole striatum delineated as previously described to create a Region of Interest (ROI) map. 26 These ''functional'' subdivisions reflect the topographical arrangement of corticostriatal projections. Projections to the LS are from limbic areas such as the hippocampus and amygdala, projections to the AST originate in associative areas such as the dorsolateral prefrontal cortex, and projections to the SMST come from motor and related areas such as primary motor cortex, premotor cortex, and supplementary motor cortex. 27 Influx constants (K i cer values, denoted K i in some previous publications 28 ) for the whole striatal ROI and the functional subdivisions were calculated relative to uptake in the reference region for left and right sides combined using a graphical approach. 29 Voxel-based statistical image analyses were performed to confirm the results obtained from the conventional ROI analysis. Wavelet-based kinetic modeling was used to produce maps of the uptake constant for [ 18 F]-DOPA using the cerebellum as a reference region. It has been documented that wavelet-based methodology increases the signal-to-noise ratio of K i cer maps for [
18 F]-DOPA by a factor of 3 without significant loss of resolution. 30 Statistical analyses of parametric images were performed using SPM5 (Wellcome Department of Cognitive Neuroscience, London, UK) and Matlab6.5 (Mathworks, Natick, MA). An explicit anatomical mask confining the analyses to striatal areas was used. The results of the voxel-based analysis were analyzed corrected for multiple comparisons (P < .05, family-wise error rate) and using a liberal threshold value of P < .001 (uncorrected).
Statistical Analysis
The data were normally distributed as assessed using the Kolmogorov-Smirnov test. After confirming homogeneity of variance with Levene's test, independent t tests were used to compare demographic and PET variables and striatal dopamine synthesis capacity between groups, and a Mann-Witney U test was used to compare nonparametric variables (cigarettes smoked/day and gender) between groups. Where there was a significant difference in the sociodemographic or PET variables, this was used as a covariate in a univariate analysis with striatal dopamine synthesis capacity as the dependent variable and group as the fixed factor. The relationship between K i cer values and subclinical symptom scores or injected dose was explored using Pearson's correlation coefficient, and cook's distance and centred leverage plots were used to identify influential or outlying data points. A two-tailed significance level of P = .05 was used throughout.
Results

Subject Characteristics
There was no significant difference in the age (t = 0.3, df = 30, P = .8), cigarettes smoked/day (Z = 0.6, P = .5), or gender distribution between the two groups (Z = 0.4, P = .7) or in the specific activity of [ 
Striatal Dopamine Synthesis Capacity
There was no significant difference in the dopamine synthesis capacity between groups in either the whole striatum (figure 1) or its functional subdivisions (table 2) . There was no effect of group on striatal dopamine synthesis capacity in the univariate analysis with injected dose as a covariate (F = 0.2, df = 1,28, P = .6). The parametric analysis showed no difference between groups even at the liberal threshold of P < .01 uncorrected. In further sensitivity analyses, we repeated the analysis after excluding the subject in the hallucinating group with the lowest dopamine synthesis capacity and after excluding the subjects with a family history of a psychotic disorder (n = 5) and found that there was still no difference between groups in either case (F = 0.8, df = 1,28, P = .4 and F = 1.1, df = 1,24, P = 0.4 respectively). In case there was an effect of gender, we repeated the analysis with gender as a covariate and found there was no main effect of gender on whole striatal K i cer (F = 0.2, df = 1,28; P = 0.6) or gender 3 group interaction (F < 0.1, df = 1,28, P = .99).
In the hallucinating group, there was no relationship between whole striatal dopamine synthesis capacity and total scores on the Psyrat AHRS (figure 2a, r = À0.15, P = .6), PDI (figure 2b, r = À.14, P = .6), or SPQ (figure 2c, r = .13, P = .63) ratings, or their sub-scales, or with age of onset of the hallucinations (r = .07, P = .8). The cook's distance-centred leverage plots identified influential data associated with one case. However, the correlations remained nonsignificant after excluding this case.
Discussion
We observe no difference in dopamine synthesis capacity in people with persistent auditory hallucinations compared with matched healthy controls and no relationship between the clinical ratings of their psychotic-like experiences and dopamine synthesis capacity. These findings indicate that striatal dopaminergic dysfunction, as indexed by [ 18 F]-DOPA PET, does not underlie auditory verbal hallucinations in nonclinical individuals. Previous findings in subjects with nonclinical persistent auditory verbal hallucinations have found strong similarities in the phenomenology of auditory verbal hallucinations (AVH) between these nonpsychotic individuals and schizophrenia patients. 4 A recent functional magnetic resonance imaging study revealed the same pattern of cortical neural responses during hallucinations in these nonpsychotic individuals as those seen during hallucinations in patients with psychotic disorders. 31 Taken with our findings, this suggests that cortical abnormalities, rather than alterations in striatal dopamine synthesis capacity, are associated with hallucinations in nonclinical subjects, although alterations in other aspects of the dopaminergic system remain possible.
Methodological Considerations
The possibility of a type II error must be considered. However, the study has over 98% power to detect an elevation in dopamine synthesis capacity of the size we have previously found in schizophrenia and over 80% power to detect an effect size similar to that reported in people with schizotypal personality disorder (power calculations for two-tailed independent t tests with alpha = .05 using effect sizes from our previous studies). 28, 32 Our hallucinating group includes subjects with a family history of a psychotic disorder, and this, or other sources of heterogeneity in the sample, could potentially confound our findings. However, family history was not associated with altered dopamine synthesis capacity in a twin study, 33 and although it was associated with elevated dopamine synthesis capacity in a sibling study, 34 excluding those with a positive family history made no difference to our findings. It could be argued that the auditory hallucinations in our hallucinating group are a different phenomenon to those in psychotic disorders. However, while there are de facto differences between our hallucinating group and patients, most notably in the lack of distress or disruption caused by the voices in the hallucinating group, the number of voices, loudness, location, and familiarity of the voices are similar to those seen in patients with psychotic disorders. 4 Some of the hallucinating group reported that the hallucinations began in early childhood, and early age of onset of hallucinations has been found to differentiate nonpsychotic hallucinating individuals from patients with psychotic disorders. 4 While this suggests that age of onset is an important factor to consider before extrapolating findings in nonpsychotic hallucinating subjects to psychosis, people who go on to develop schizophreniform disorders also report hallucinations in childhood, 35 albeit less frequently, indicating that this is not a categorical distinction between clinical and nonclinical subjects. Furthermore, we did not find a relationship between age of onset and dopamine synthesis capacity.
Interpretation of the Findings
The absence of delusional thinking or conceptual disorganization and functional impairment differentiates the nonclinical subjects with hallucinations in our study from patients with psychotic disorders and those with schizotypal personality disorder in whom increased dopamine synthesis capacity and/or release has been reported in previous studies. 10, 28, 36, 37 Taken with our findings, it could be speculated that in the psychotic and schizotypal patients, it is the additional presence of dopaminergic dysregulation that leads to delusions (possibly secondary to hallucinations) and a consequent change in behavior and functioning that results in a clinically significant disorder. Finally, while our study shows hallucinations can occur in the absence of altered dopamine synthesis capacity, it remains possible that different mechanisms underlie hallucinations in our hallucinating group and patients with schizophrenia. Thus, a study of patients who only experience hallucinations would be needed to categorically exclude the possibility that dopaminergic dysfunction underlies hallucinations in schizophrenia.
Our findings are also consistent with recent evidence indicating that whilst dopamine synthesis capacity was elevated in people at clinical risk of psychosis who presented with subclinical psychotic symptoms, 28 the elevation was specific to those who subsequently went on to develop a psychotic disorder and increased further with the onset of the disorder. 14, 38 In this previous work, there was no alteration in those subjects who did not go on to develop a psychotic disorder, although they had subclinical psychotic symptoms including hallucinatory experiences.
14 Our findings extend these findings by showing that dopamine synthesis capacity is also unaltered in people who are healthy and show no clinically significant impairment or distress, yet experience persistent hallucinations. These findings thus suggest that elevated dopamine synthesis capacity is specific to the development of a clinically significant psychotic disorder, rather than underlying single subclinical psychotic experiences in general, at least in terms of hallucinations.
Conclusions
Dopamine synthesis capacity is unaltered in healthy people with auditory verbal hallucinations and not related to the severity of subclinical psychotic experiences in these individuals. This suggests that alterations in striatal dopaminergic function, as indexed by [ reported in previous studies. 10, 28, 36, 37 Taken with our findings, it could be speculated that in the psychotic and schizotypal patients, it is the additional presence of dopaminergic dysregulation that leads to delusions (possibly secondary to hallucinations) and a consequent change in behavior and functioning that results in a clinically significant disorder. Finally, while our study shows hallucinations can occur in the absence of altered dopamine synthesis capacity, it remains possible that different mechanisms underlie hallucinations in our hallucinating group and patients with schizophrenia. Thus, a study of patients who only experience hallucinations would be needed to categorically exclude the possibility that dopaminergic dysfunction underlies hallucinations in schizophrenia.
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